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ax-Antitrypsin (AT), the major elastase inhibitor in mammalian serum, is produced primarily in the liver.
We have characterized AT gene structure and expression in the mouse species Mus caroli, which expresses high
levels of AT in the kidneys as well as in the liver. Analysis of cDNA and genomic clones showed that the AT
gene in M. caroli exhibits high sequence homology (>90%) to the gene in laboratory mice (M. domesticus)
throughout the coding and 5'-flanking regions. Despite this extensive sequence conservation, the functional
organization of cis-acting regulatory elements governing liver-specific expression is strikingly different between
these species. Transient-transfection assays showed that the proximal region of the M. caroli promoter (i.e.,
between -120 and -2 relative to the transcriptional start site) is 10-fold more active than the analogous region
of M. domesticus in driving the expression of an indicator gene in cultured liver cells. The increased activity of
the proximal region of the M. caroli AT promoter appears to be the result of one or both of the two base
substitutions at positions -46 and -48. The weak proximal promoter in M. domesticus is compensated for by
the presence of upstream, liver-specific enhancers between -199 and -520; the analogous region in M. caroli
is inactive. Thus, during the course of evolution, the modest 7% sequence divergence that has occurred between
the 5'-flanking regions of the AT genes in these two species has generated distinct, yet equally effective, modes
of hepatocyte-specific expression.
The molecular basis for the liver-specific expression of
atl-antitrypsin (AT), a major seine protease inhibitor that
functions in the control of neutrophil elastase activity (4, 29),
has been intensely investigated in humans and mice. For the
human gene, maximal liver-specific expression requires 261
nucleotides of the 5'-flanking region, which can be subdi-
vided into a distal element located between -261 and -210
and two proximal elements located between -137 and -37
(6, 8, 26). Although the proximal elements function only in
hepatic cells, the distal element acts as a nonspecific en-
hancer (8). In striking contrast, the mouse gene, which is
structurally similar to the human gene, requires 500 bases of
the upstream region for full activity (12); several domains
that function specifically in hepatic cells and that interact
with hepatocyte-enriched DNA binding proteins have been
identified within this region (7, 12). Thus, liver-specific
expression of the AT gene is maintained by different mech-
anisms in the two species, reflecting the accumulation of
regulatory mutations since the two species diverged.
With one known exception, all mammals express AT
predominantly in the liver. The wild-derived mouse species
Mus caroli, in sharp contrast to laboratory mice (M. domes-
ticus), transcribes the AT gene in the kidneys as well as the
liver (2, 19, 24). Renal AT expression in M. caroli is specific
to tubule cells, where it is regulated by androgens during
development (19). This species difference in tissue speci-
ficity is due to a cis-acting genetic element (2). The striking
features ofAT expression in M. caroli make it a useful model
for studying the evolution of tissue-specific gene expression.
In the present paper, we describe more detailed analysis of
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the structure and expression of the AT gene in M. caroli and
compare it with that in M. domesticus (17). Of major interest
is the finding that although the 5'-flanking regions of the
genes in the two species are quite similar in sequence, they
behave very differently with regard to their functions in
governing liver-specific AT expression. Thus, in the rela-
tively short time (i.e., 4 million to 6 million years) since the
separation of M. caroli and M. domesticus, major changes
have occurred in the molecular mechanisms regulating AT
gene expression.
MATERIALS AND METHODS
Animals. Inbred strains of M. domesticus (C57BL/6J,
BALB/cJ, and DBA/2J) and random-bred M. caroli were
maintained and provided by V. Chapman, Roswell Park
Memorial Institute. All mice were used at 8 to 12 weeks of
age.
Extraction and analysis of RNA. Total tissue RNA was
isolated as described by Labarca and Paigen (18). In vitro
mRNA-directed protein synthesis was performed in a recon-
stituted cell-free translation system (15) provided by W.
Held, Roswell Park Memorial Institute. AT was identified
among the nascent 35S-labeled polypeptides by two-dimen-
sional polyacrylamide gel electrophoresis (22) followed by
fluorography (3).
Primer extension analysis of transcriptional start sites was
performed by using the methods of Field et al. (9), with
minor modifications. A synthetic oligonucleotide corre-
sponding to the anti sense strand of the AT gene between
nucleotides +48 and +68 was 5' end labeled with [_y32P]ATP
in the presence of polynucleotide kinase. A 25-,ul solution
containing 1.5 ng of oligonucleotide, 10 ,ug of total RNA, 0.5
M piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES; pH
6.5), 3 M sodium chloride, and 25 mM disodium EDTA was
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heated at 90'C for 2.5 min and incubated at 450C overnight.
After ethanol precipitation, the nucleic acids were dissolved
in 50 pLl of 0.05 M Tris hydrochloride (pH 8.3) containing 2
mM dithiothreitol, 5 mM MgCl2, and 40 mM KCl; avian
myeloblastosis virus reverse transcriptase was added along
with the four deoxynucleoside triphosphates (200 p.M each).
After 2 h at 420C, RNA was removed by base hydrolysis, and
the extension products were fractionated on a 20% acryl-
amide-7 M urea gel and visualized by autoradiography.
Extraction and analysis of DNA. Total tissue DNA was
purified by the methods of Chapman et al. (5). For Southern
blot analysis (28), 10 pug of DNA was digested with the
appropriate restriction endonuclease as specified by the
supplier. DNA fragments were fractionated on 0.8% agarose
gels, transferred to nitrocellulose, hybridized to the appro-
priate nick-translated probe, and visualized by autoradiog-
raphy. The blots were hybridized and washed at 650C in 0.3
M NaCl.
Isolation of AT cDNA and genomic clones. Poly(A)+ RNA
from M. caroli liver was used to generate a cDNA library in
XgtlO by the methods of Gubler and Hoffman (13). The
library was screened with the AT-specific probe p1796 (1) or
pJL2.5 (24). Two non-overlapping cDNA clones correspond-
ing to the AT mRNA were isolated (see below). A M. caroli
genomic library (provided by M. Edgell, University of North
Carolina) was screened with p1796 DNA. Two overlapping
clones corresponding to the M. caroli AT gene were isolated
(see Fig. 3). DNA sequencing was performed by the dide-
oxy-chain termination method (25) with Sequenase (U.S.
Biochemical Corp.).
Analysis of AT promoter function. Restriction enzyme
fragments with the endpoints indicated in Fig. 6 and 7 were
cloned into the HindIII NdeI sites of pSVOCAT, which
contains a promoterless chloramphenicol acetyltransferase
(CAT) gene. Transient transfections were performed with
the human hepatoma cell line Hep3B (provided by G.
Darlington) or HeLa cells (provided by L. Maquat). Cells
were maintained in modified Eagle medium containing 10%o
fetal calf serum. The CAT construct to be tested (15 pug) was
transfected by the calcium phosphate precipitation method
(11). After 6 to 8 h cells were shocked with 20% glycerol and
then incubated for an additional 36 h; extracts were pre-
pared, and CAT activities were determined (10). Transfec-
tion efficiencies were monitored by cotransfection with 5 pug
of plasmid pCH110, which contains and expresses the lacZ
gene from Escherichia coli (14); CAT activities were normal-
ized to the P-galactosidase levels.
RESULTS
Sequence of the AT mRNA from M. caroli. To determine
the structure of M. caroli AT, we analyzed two clones from
an M. caroli liver cDNA library. The clones, which corre-
sponded to nonoverlapping 600- and 700-nucleotide cDNA
segments, were sequenced and found to comprise a contin-
uous 1,350-nucleotide stretch containing an open reading
frame of 412 amino acids (Fig. 1A). The mRNA sequence is
87% similar to that from M. domesticus and 70% similar to
that from humans. The predicted amino acid sequence
shares 87% identity with the M. domesticus sequence and
62% identity with the human sequence. M. caroli contains an
in-frame deletion of 15 bases near the 5' end of the open
reading frame, resulting in a deletion of 5 amino acids.
Interestingly, five potential glycosylation sites exist within
the M. caroli polypeptide (Fig. 1B), whereas only three are
found within the human sequence (29). The reactive center,
i.e., the conserved region that determines the protease
specificity of the inhibitor (4, 29), differs by two amino acids
between M. caroli and M. domesticus (Fig. 1B). One of
these differences occurs at the P1 position, which is the site
of cleavage and is considered to be a primary determinant of
specificity (4, 29). The M. caroli polypeptide, like the human
polypeptide, contains a methionine residue at this position
(Fig. 1B, residue 376), whereas the M. domesticus polypep-
tide contains a tyrosine residue (16). The functional signifi-
cance, if any, of these changes is unknown. The M. domes-
ticus and human proteins inhibit neutrophil elastase (4, 29),
whereas the target for the M. caroli protein has not been
determined.
Structure of the M. carol AT gene. Earlier, we suggested
that a single AT gene, expressed in both the liver and the
kidneys, is present in M. caroli (19). This was based upon
the relatively simple pattern of restriction endonuclease
fragments for the AT gene, along with the identification of
each fragment within a single AT gene clone. Further
evidence consistent with this notion includes the finding of a
restriction fragment length polymorphism segregating among
M. caroli individuals. Some mice (denoted LL) contain a
5.6-kilobase EcoRI fragment, some (denoted SS) contain a
4.5-kilobase fragment, and some (denoted LS) contain both
(Fig. 2A). Densitometric scanning indicated that each band
in the LS individuals was half the intensity of that in either
LL or LS individuals. The simplest interpretation of these
results is that the 5.6- and 4.5-kilobase fragments represent
alleles of a single structural gene. We have also found
polymorphism in AT protein structure, as defined by the pI
of the polypeptide synthesized in vitro (Fig. 2B). Both liver
and kidney RNAs direct the synthesis of the same polymor-
phic form of AT, indicating that the same gene is active in
both organs.
The M. caroli AT gene was isolated from a liver gene
library as two overlapping clones spanning a combined
distance of about 20 kilobases (Fig. 3). The locations of
exons within the clones were determined by hybridization to
cDNA fragments and by sequencing. Exon numbers, sizes,
and positions are conserved between M. caroli and M.
domesticus (17) (Fig. 3).
Primer extension was used to determine the location of the
transcriptional start site for the AT gene in both the liver and
the kidneys. A chemically synthesized oligonucleotide cor-
responding to nucleotides 48 to 68 within exon II (Fig. 1A)
served as primer. Identical 68-base products were generated
with M. caroli liver or kidney RNA, as well as with M.
domesticus liver RNA (Fig. 4). No additional extension
products could be detected, even after prolonged exposure
of the autoradiogram. This contrasts with the situation in
human liver, in which specific upstream start sites that
correspond to transcripts produced from additional promot-
ers are observed (23); these are due to monocytes that
infiltrate the liver and that actively express the AT gene (23).
Comparison of AT promoter function in M. domesticus and
M. caroli. The sequence of the 5'-flanking region, exon I, and
the first 360 nucleotides of intron I of the M. caroli AT gene
were determined and compared with the M. domesticus (12)
and human (6) sequences (Fig. 5). The M. domesticus and
M. caroli sequences are very similar in exon I and intron I,
whereas the human sequence is quite different. Within intron
I, the M. caroli gene contains a 46-base-pair insertion
flanked by 4-base-pair direct repeats. All three species are
quite similar up to position -126 within the 5'-flanking
region. This conserved region contains a number of impor-
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FIG. 1. Sequence of the M. caroli AT mRNA and polypeptide. (A) The sequence of the AT cDNA from M. caroli (M.c.) is shown aligned
with those from humans (H.s.) (20) and from M. domesticus (M.d.) (16). The M. caroli sequence from nucleotides 1 to 20 (the cDNAs did
not extend far enough) and positions of exon boundaries were derived from analysis of genomic clones (Fig. 5). Numbering begins at the
transcriptional start site (Fig. 4). Symbols: *, identical nucleotides; -, deletions; *, initiation and termination codons for translations;
-, region encoding the reactive center. (B) The amino acid sequences of the AT polypeptides, determined from cDNA sequences, are
shown. Abbreviations and symbols are the same as in panel A. Potential glycosylation sites in M. caroli AT sequences are overlined.
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FIG. 1-Continued.
tant protein-binding sites, including those for hepatocyte
nuclear factor 1 (HNF1) and C/EBP (7, 8, 12); in addition,
the TATA box and CAAT box are located here. Upstream
sequences up to -520 are well conserved between M.
domesticus and M. caroli (Fig. 5). Within this segment from
the M. domesticus gene, a number of binding sites for
nuclear proteins have been identified and postulated to play
important roles in the liver-specific expression of the AT
gene (7, 12). Several of these sites, including those for
hepatocyte nuclear factor 3 (HNF3) and C/EBP, show 1- to
3-base-pair differences between M. domesticus and M. car-
oli (Fig. 5).
In view of the high degree of sequence similarity exhibited
by the AT genes in the two mouse species, we expected
them to use the same cis-acting elements in the regulation of
liver-specific expression. To test this notion, we compared
analogous fragments of the M. domesticus and M. caroli
promoter regions for their ability to drive the expression of
the CAT gene in hepatic cells. The various fragments were
subcloned upstream of the CAT gene in plasmid pSVOCAT,
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FIG. 2. Polymorphism in the AT gene from M. caroli. (A) Liver DNAs from M. carol individuals and from several M. domesticus inbred
strains were digested with EcoRI and analyzed by Southern blotting, with an M. domesticus exon I fragment (17) as the probe. (B) Total liver
and kidney RNAs from three M. caroli individuals were translated in vitro, and the products were separated by two-dimensional gel
electrophoresis. Symbols: +, AT forms A and B; i, actin polypeptide.
and resulting constructs were transfected into the human
hepatoma cell line Hep3B; after 36 h, cell extracts were
prepared and CAT activities were measured. Results were
normalized to levels of P-galactosidase produced from co-
transfected plasmid pCH110 (see Materials and Methods).
Figure 6 shows the results of transfection experiments
with a variety of M. domesticus and M. caroli promoter
fragments. M. caroli fragments -2700 to +86 and -520 to
+86 (constructs 1 and 2, respectively) had levels of activity
that were similar to M. domesticus fragment -522 to +47
(construct 6). Thus, maximal expression in each species
requires about 520 base pairs of the 5'-flanking region.
Deletion of the M. domesticus promoter from -522 to -199
resulted in 90% loss of activity (Fig. 6, compare constructs 6
and 7); this is similar to that reported by others (12) and
indicates that the deleted region contains important elements
governing AT promoter function. In striking contrast, dele-
tion of the M. caroli promoter from -520 to -199 had no
effect upon activity (Fig. 6, compare constructs 2 and 3).
This differential effect of promoter deletions in the two
species identifies a significant alteration in functional orga-
nization of the promoter regulatory elements. Further dele-
tion to -140 reduced activity by about 50% in both species
(Fig. 6, compare construct 3 with 4 and 7 with 8), indicating
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FIG. 3. Structure of the M. carol AT gene. The restriction endonuclease map of the AT gene from M. caroli is shown aligned with that
from M. domesticus, as determined previously (17). Symbols: M, exons; M (-520 to +370), promoter region. The promoter region was
analyzed in detail (see Fig. 5 and text). Abbreviations: A, Avall; B, BamHI; Bg, BgIII; E, EcoRI; F, Hinfl; H, HindIll; P, PstI.
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FIG. 4. Determination of the transcriptional start site for the M.
caroli AT gene. An oligonucleotide corresponding to positions 48 to
68 of the AT mRNA was used in primer extension analysis of the M.
caroli and M. domesticus liver and kidney mRNAs (see Materials
and Methods for details). Extension products were analyzed by
polyacrylamide gel electrophoresis. HpaII-digested pBR322 DNA
served as size markers. bp, Base pairs.
the presence of a positive regulatory element within this
region. This may well represent effects of the previously
identified HNF3-binding site between -199 and -181 (7).
None of the constructs were active in HeLa cells (Fig. 7),
indicating that the AT promoter in both species is liver
specific.
A possible role for the 46-base-pair insertion within intron
I of M. caroli was tested. Deletion of this region had no
effect on promoter activity (Fig. 6, compare construct 4 with
5 or 11). In fact, the region between -140 and -2 maintained
the 10-fold difference between species (Fig. 6, compare
constructs 10 and 11), indicating that one or more of the
seven single-base-pair differences within this segment are
responsible for the species-specific alterations in activity of
the proximal promoter.
Seven single-base-pair substitutions distinguish the M.
caroli and M. domesticus AT genes between -140 and -2.
These substitutions are clustered at two sites: five are
between -133 and -122 and two are between -46 and -48
(Fig. 5). To determine which of the two clusters is respon-
sible for the species differences in promoter activity, we
tested additional 5' deletions. Although deletion to -119
drastically reduced the activities for both AT constructs
(Fig. 6, compare constructs 11 and 12 with 13 and 14), the
activity of the M. caroli promoter was still several times
higher than that of M. domesticus. We conclude from these
results that AT promoter function in both species is signifi-
cantly dependent upon sequences between -140 and -120
and that one or both of the two base substitutions at
positions -46 and -48 are crucial for the elevated activity of
the proximal region of the M. caroli promoter.
Thus, major functional differences distinguish the AT
promoters in M. domesticus and M. caroli, despite the 93%
sequence similarity. The region between -120 and -2 in M.
caroli is 10-fold more active than that in M. domesticus; in
addition, the upstream region between -520 and -199 in M.
domesticus, but not in M. caroli, acts as a liver-specific
enhancer of expression.
To test for functional independence of the differentially
active distal and proximal segments of the AT promoters in
M. domesticus and M. caroli, we examined chimeric con-
structs containing regions from both species. Construct 15
contains the distal region of M. caroli between -520 and
-140 and the proximal region of M. domesticus between
-140 and +47; conversely, construct 16 contains the distal
region of M. domesticus between -522 and -140 and the
proximal region of M. caroli between -140 and +86. The
distal element of M. caroli stimulated the proximal region of
M. domesticus about twofold (Fig. 6, compare constructs 8
and 15); this is most probably a consequence of the HNF3-
binding site described above. However, the distal region of
M. domesticus exerted nearly a 10-fold activation of the
proximal region of M. caroli (Fig. 6, compare constructs 4
and 16). In fact, transfection with construct 16 gave a higher
CAT activity than any of the other constructs; this is
attributable to the positive effects of the M. domesticus
upstream enhancers on the highly active proximal region of
M. caroli.
Similar species-specific differences were observed when
constructs were transfected into HepG2, a human hepatoma
cell line. The results, taken together, indicate that in human
hepatic cells the M. caroli and M. domesticus promoters,
which are 93% homologous up to nucleotide -520, exhibit
the same level of activity, yet specific regulatory elements
within the promoters do not colocalize. The proximal region
of the M. caroli promoter has a 10-fold-higher activity than
the analogous region of M. domesticus, whereas the distal
enhancer(s) of M. domesticus is not functional in M. caroli.
DISCUSSION
The unusual tissue specificity of AT expression in M.
caroli (2, 19, 24) has prompted a detailed analysis ofAT gene
structure and expression in this species. In M. caroli, AT is
produced from the same gene in both the liver and kidneys,
using identical transcriptional start sites (Fig. 4). This differs
from the situation in humans, where the extrahepatic expres-
sion (i.e., that in monocytes) is achieved through utilization
of an upstream initiation site (23).
The amino acid sequence of M. caroli AT, deduced from
cDNA sequencing, is 87% similar to that of M. domesticus.
There are two differences within the reactive center. One
occurs at the P1 site, which is critical in defining inhibitor
specificity (4, 29). Several AT genes within M. domesticus
show 2% divergence, including a change in the P1 amino acid
residue (17). It is not clear whether the alterations that have
been found within the reactive center of various AT poly-
peptides from M. domesticus and M. caroli affect the func-
tion of the inhibitors.
The high sequence homology between the M. domesticus
and M. caroli AT genes, in addition to the fact that both
species use the same transcriptional start site, would lead
one to predict that the same cis-acting regulatory elements
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FIG. 5. Sequence of the promoter region of the M. caroli AT gene. The 5'-flanking region between nucleotides -521 and +367 of the M.
caroli (M.c.) AT gene is aligned with the analogous region of the M. domesticus (M.d.) (12) and human (H.s.) (20) genes. The binding sites
for C/EBP, HNF3, and HNF1 on the M. domesticus AT gene (7, 12) are indicated, along with the transcriptional initiation site (+1).
should be operating to control liver-specific expression.
However, this prediction appears to be incorrect. Our
present results clearly indicate that during the course of
evolution, the modest 7% sequence divergence that has
occurred between the 5'-flanking regions of M. domesticus
and M. caroli has resulted in distinct, yet equally effective,
modes of hepatocyte-specific regulation. Within the region
between -120 and -2, only two base pairs distinguish the
two species, yet promoter activities differ severalfold. The
region between -199 and -520, which is 93% homologous
between the species, functions as a positive enhancer in M.
domesticus, yet is inactive in M. caroli. Thus, most of the
regulatory information controlling M. caroli AT expression
is located proximal to -199, whereas most of that controlling
M. domesticus expression is located upstream of -199.
Apparently, the presence of a weak proximal promoter in M.
domesticus is compensated for by an upstream enhancer, so
that the genes, in total, are transcribed with about equal
efficiency in the two species.
It is now clear that several arrangements exist for the
organization of regulatory elements determining the pattern
of liver-specific AT expression. The human gene has been
shown to be controlled primarily by the proximal region,
along with modestly active nonspecific upstream enhancers
(6, 8, 26). In contrast, the M. domesticus gene uses strong
upstream liver-specific enhancers to activate the expression
of a relatively weak proximal region (7, 12). Finally, as
shown presently, the M. caroli gene utilizes the proximal
region exclusively. The differences between M. domesticus
and M. carol are quite surprising, since the AT genes in the
two species share extensive similarities in sequence. Regard-
less of molecular mechanism, the three strategies generate
the same quantitative and developmental expression pheno-
types in the liver.
The nature of the ancestral gene common to the various
mouse AT genes is not known. It would be of interest to
ascertain, for example, whether the M. caroli pattern or the
M. domesticus pattern more closely represents the primor-
dial gene. The fact that the M. caroli and human AT genes
share a preference for the use of proximal regulatory ele-
MOL. CELL. BIOL.
I
V,l-ANTITRYPSIN GENE EXPRESSION 767
M. caroli
Eon5
-520
.522 M. domesticus
% Conversion/
4 B-gai O.D. units
CAT 660± 18
_86
-ELi
4M
-
I
KnI-
n
HKn HInM
-199 +471 =1_
Kpn1 KM"
-140 +47
Bmn2 e-2
Ba2 Baf2
irn i
.12~~~.4
%.I |Bw
Ddel e2
Dde1 owe
K nl Kin"
-1o40 7
I I~~~~~~~~~~~~~
E01
.5
-5
soR20
i22
-IP +6I
647± 54
601± 30
267* 41
286* 31
ICAT I 600± 48
65± 10
27± 10
248± 32
30± 7
281± 51
33± 8
35± 1
8± 1
61± 20
1
2211±148
(17) CAT 6± 1
FIG. 6. Analysis of AT promoter function. The indicated constructs were transfected into Hep3B cells, and the specific CAT activities
were determined. Values represent the average of three experiments (+ standard deviation) and were normalized to P-galactosidase levels
encoded by the cotransfected plasmid pCH110 (see Materials and Methods for details). O.D., Optical density.
ments suggests that this pattern may indeed by the ancestral
type; thus, the recruitment of upstream enhancer function in
M. domesticus may have evolved relatively recently, i.e.,
during the 4 million to 6 million years since its divergence
from M. caroli.
The complex set of upstream elements governing AT
expression in M. domesticus represent binding sites for
regulatory factors such as HNF1, HNF3, and C/EBP (7, 12);
the proximal region also contains sites for several of these
factors (7). Some of the small number of sequence differ-
ences between 5'-flanking regions of the M. domesticus and
M. caroli genes are within these protein-binding sites (Fig. 5)
and therefore are candidates for determinants of the species
difference. The C/EBP-binding site between nucleotides
-464 and -445 contains a deletion of a C residue in the M.
caroli gene; the HNF3 site between nucleotides -195 and
-185, which functions as a hepatocyte-specific enhancer in
HepG2 cells (7), contains an A-to-T change in M. caroli.
Differences in regions outside currently known protein bind-
ing sites, such as those at -46 and -48, must also be
important. These or perhaps other changes in the AT pro-
moter influence protein binding and contribute to the spe-
cies-specific differences in functional organization of the
promoter.
The control of gene expression is increasingly being
regarded as requiring multiple cis-acting elements that rec-
ognize a variety of different nuclear transcription factors
(21). Thus, large nucleoprotein complexes are responsible
for the expression phenotype of a particular gene. The AT
gene, containing regulatory elements both proximal to and
distal from the RNA start site, follows this emerging para-
digm. Interestingly, the gene appears to contain multiple
binding sites for the same transcription factor, suggesting
that certain modular elements at some time may have
undergone duplication and relocalization. The multiplicity of
protein-DNA, as well as potential protein-protein, interac-
tions that characterize the AT promoter provide a wide
spectrum of targets for the evolutionary modification of
promoter function. Some of these modifications alter the
pattern of expression of the gene; others maintain the
pattern.
Very little is known about the elements governing the
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FIG. 7. Liver specificity of AT gene promoter function. Pro-
moter constructs containing the -520 to +86 and -199 to +86
regions of the M. caroli AT gene (indicated by -520 C and -199 C)
and the -522 to +47 and -199 to +47 regions of the M. domesticus
gene (indicated by -522 D and -199 D) and reciprocal chimeric
combinations of subregions were transfected into either Hep3B or
HeLa cells. The CAT activities were determined by thin-layer
chromatography.
uniquely high transcription rate of the AT gene in M. caroli
kidney. Genetic studies indicate that these elements are cis
acting (2). However, we have not obtained expression of M.
caroli AT gene constructs in kidney cell lines (J. Latimer,
unpublished data); thus, kidney-specific expression may be
controlled by DNA sequences outside the region between
-520 and +86. Interestingly, it has been observed that the
human AT gene can be expressed at high levels in the
kidneys of some, but not all, transgenic mouse lines (27). It
is possible, therefore, that extrahepatic expression of the AT
gene is controlled by negatively acting DNA elements; such
elements may be absent, or their effects may be alleviated, in
M. caroli and in some transgenic mouse strains. Clearly,
more studies are necessary to clarify the nature of kidney-
specific AT expression.
The physiological relevance of renal AT expression is
unknown. Our present results, which show that low levels of
sequence divergence within the regulatory region of the gene
can have major effects on its function, raise the interesting
possibility that kidney-specific expression is a passive con-
sequence of selective forces driving alterations in DNA
elements that regulate the liver phenotype; thus, once it
occurs, renal expression may be too "costly" to remove and
is therefore maintained without a physiological role.
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